The 1991 Colworth Medal lecture I S dedicated to the memory of Wayne]. Masterson (1960-1 991).
Introduction
Glycosyl-phosphatidylinositol (GPI) membrane anchors, also known as 'lipid tails', are found on many eukaryote plasma membrane proteins ranging from protozoal coat proteins to mammalian neural cell-adhesion molecules. These complex glycophospholipid moieties are covalently attached to the C-termini of proteins and their primary function is to afford the stable association of protein with the membrane. A GPI unit should be considered as a functional alternative to a single transmembrane polypeptide domain as a membrane anchor. In this lecture I would like to chart the short history of GPI anchors, from their structural characterization to the delineation of their biosynthesis and the descriptions of their functional significance. This is not intended as a comprehensive review, but rather as a personal reflection on the field. ' The consensus opinion that cell-surface proteins could be anchored in the plasma membrane via a Low showed that PI-PIX-released alkaline phosphatase could no longer re-bind to membranes and concluded that it was originally anchored through a tight, and probably covalent, linkage to phosphatidylinositol (PI) phospholipid 121. However escape the specific immune response of the host. It was the drive to understand the molecular architecture of the VSC coat which led to the discovery of its GPI anchor. Furthermore, the large quantities of VSG which can be purified (easily 60 mg, 1 pmole, per week) permitted many trial and error experiments to be conducted to establish the ground rules of how to handle and characterize GPI anchors.
The discovery of GPI anchors
detection of fatty acid, exclusively myristic acid (C14,J, in mfVSC which was absent in sVSG [7] .
Ironically, the exclusive use of myristate in the VSG anchor has proved to be the exception rather than the rule. We were able to biosynthetically label mfVSG with [ 'Hlmyristic acid and use this labelled VSG as a substrate for a variety of chemical and enzymatic treatments [7, 81. The fatty acid was shown to be base labile and therefore ester, rather than amide, linked. Pronase digestion of the mfVSG produced a hydrophobic, myristate-containing, fragment which was easily purified by reversephase h.p.1.c. Compositional analysis of this material showed the presence of aspartic acid, ethanolarnine, phosphate, mannose, galactose and glucosamine in identical stoichiometry to the 'C-terminal glycopeptide' of SVSG, originally identified by Tony I Iolder. This defined the myristic acid as belocging to a complex glycoconjugate structure at the very C-terminus of the protein. Furthermore, the myristic acid (2 moles) was found, together with glycerol ( 1 mole), exclusively in the mtVSG fragment. This in turn suggested that the lipid was present as a diacylglycerol (DAG) and probably as part of a complex glycophospholipid structure. The release of SO% of the myristic acid by phospholipase A,, and 100% of the myristic acid in the form of 1,2-dimyristoyl-3-acetylglycerol by acetolysis, confirmed this model (see Fig. 1 ). At this stage a major piece of the jigsaw was missing: we had failed to detect inositol! It was at this time that Israel Silman from the Weizmann Institute payed us a call. Iie had been collaborating with Martin Low and Hill Sherman on the 'novel' anchoring mechanism of Torpedo AChE, which appeared to involve the covalent association of PI [21] . With characteristic enthusiasm and generosity of spirit, he told me of their unpublished work and asked if I was sure that the VSC anchor did not contain myoinositol. €Ie put me in touch with Martin Low and there followed a collaboration which delighted the Hell telephone company. Within a few weeks Martin had shown that his purified bacterial PI-PIX was capable of releasing dimyristoylglycerol from mfVSG. At exactly the same time I had been exploiting another key observation made by Tony Holder and colleagues 1221, that the glucosamine in the VSG anchor was not N-acetylated. Hy using nitrous acid deamination of this GlcN residue I was able to release the myristic acid from mfVSG in the form of PI. In one long, and particularly frantic, telephone call Martin Low and I were able to deduce the partial structure of the anchor shown in Fig. 1 , and so the term 'glycosyl-phosphatidylinositol' was first coined [9] . At the same time as these studies were progressing Albert Tse [23] .
The partial structure of the VSG anchor shown in Fig. 1 still left a large and terrifying 'black box': the carbohydrate structure. At this point I joined what is now the Oxford Glycobiology Unit, directed by Raymond Dwek. The laboratory at Oxford was fully equipped for carbohydrate structure determination and I remain sincerely grateful to that laboratory for the facilities and expertise which enabled me to close the final chapter on the VSG-anchor structure. In particular, I am grateful to my friend and colleague Steve Homans, who was responsible for cracking the majority of the carbohydrate structure by two-dimensional proton n.m.r. studies. Steve and I established an exciting scientific rapport which, happily, continues to this day in our new laboratories at Dundee.
Based on the known partial structure shown at the top of Fig. 2 a strategy was developed to solve the structure, using proton n.m.r. spectroscopy ('I I I ligh-resolution Fourier transform n.m.r. using high-field (500 MHz) instruments has become an invaluable tool in the determination of complex carbohydrate structure. Many of the modern techniques were introduced to solve the structures of asparagine-linked glycoprotein oligosaccharides. Where previously solved structures are available a one-dimensional n.m.r. spectrum 'fingerprint' can be compared with reference spectra to give rapid structural identification [25] . However, in cases such as GPI analysis no reference spectra are available and an 'ab znitzo' approach [26] must be taken until a sufficient database of spectra becomes available. The approach relies on two-dimensional n.m.r. techniques to extract the information available in the conventional one-dimensional spectrum.
Two types of experiment were employed by Steve I Iomans. The first experiment, 'I I-'Il correlated spectroscopy (COSY), correlates all protons associated with each other through €I-C-C-I I bonds. In this way the chemical shifts and coupling constants of almost all the protons in the structure can be asigned to particular constituent residues. The second experiment, nuclear Overhauser effect spectroscopy (NOESY), correlates all protons which are close in space. I3y observing inter-residue NOESY 'cross-peaks' it is possible to deduce sequence information within the structure. This painstaking and complex analysis produced a putative structure that was almost complete and testable by other techniques such as enzymic and chemical modification.
Following non-destructive n.m.r. analysis the sCt-gp sample was chemically modified to remove all charged groups and to introduce a tritium radiolabel selectively into the molecule to aid subsequent fractionation (Fig. 2 ). This was achieved by nitrous acid deamination, which converts the glucosamine residue into 2,s-anhydromannose and simultaneously releases the inositol phosphate group, followed by sodium borotritide reduction to yield labelled 2,s-anhydromannitol. This deaminated, reduced glycopeptide was further charge-neutralized by dephosphorylation with cold 50% aq. 11F to yield the neutral glycan fraction. This form of the GPI glycan is amenable to size fractionation by a number of means including gel filtration on I hGel P4 columns [24] . This profile showed the heterogenous nature of the GPI glycan from this single VSG, derived from a cloned trypanosome cell line. Analysis of each peak by n.m.r. and methylation analysis showed that they were identical in structure except for the presence and/or absence of the two terminal Gal residues depicted in Fig. 3 . This kind of peripheral microheterogeneity in oligosaccharide structures is common in Volume 20 Primary structure of t h e VSG GPI anchor Adapted from [24] .
all types of glycoconjugates and therefore was not unexpected in GPI glycans. The precise location of the ethanolamine phosphate bridge to the protein and the linkage position of the glucosamine residue to the inositol ring were solved using mannosidase digestions (before and after dephosphorylation) and periodate oxidation studies [24] . Finally, after five years, the primary structure was complete (Fig. 3) .
GPI structures from other sources
Having established the basic methodology for tackling GPI structures with the VSG example, subsequent analyses of anchors from other sources became much easier. In collaboration with Alan Williams, we were able to solve the structure of the rat brain Thy-1 antigen anchor within two months of obtaining the anchor fragment [27] . The comparison of this mammalian structure with the T. brucei structure (Fig. 4) allowed us to suggest that all GPI anchors might have a conserved core region Of:
EtN-P04-6Mana 1-2Mana 1 -6Mana l-4GlcNH2a 1-6myo-Ino-1-PO,-lipid which could be variously substituted with carbohydrate and ethanolamine phosphate side-chains. This latter feature was first described by Terry Rosenberry and collegues for bovine and human erythrocyte AChE [28] . Since that time we have determined complete or partial structures for the o=c c=o
GPI anchors of glycoproteins from the protozoa Leishmania major [29] and Trypanosoma cmzi [30] , and the yeast Saccharomyces cerevisiae (C. Summary of GPI structural data The biosynthesis of GPI anchors
As was the case with the structural studies, the elucidation of the GPI biosynthetic pathway was first achieved in T. brucei, by virtue of this organism's dedication to GPI production. Many of the general features (with some differences) of GPI biosynthesis and transfer to protein, described for the trypanosome system below, have also been observed and characterized in higher eukaryotes,
for example see 137-431. For the purpose of this lecture, however, I will focus only on the trypanosome work. confirmed the lack of galactose in the precursor and showed that the trimannosyl glycan portion is identical to the core region of the mature anchor (i.e. Manal-2Mana1-hMana 1-?GlcNH,). The structure for the precursor (called P2 or glycolipid A) is shown in Fig. 4 . The addition of GPI precursor to protein is controlled by two signals in the primary translation product. First, proteins must be sequestered across the rough endoplasmic reticulum membrane by virtue of a cleavable N-terminal signal sequence. 
UDP-GIcNAc UDP Ac
Mature GPI precursor Secondly, an enzyme or enzyme complex recognizes a C-terminal signal peptide which is cleaved and directly replaced by the GPI precursor to generate mNSG. The nature of this transfer reaction is unknown, although a transamidase activity has been suggested. The C-terminal signal peptides for GPI addition show considerable homology between VSG variants, but there is no consensus in the signal peptides when other eukaryotic sequences are compared [ 131. In general terms, any C-terminal sequence which ends in a run of apolar amino acids, without any evidence of a polar cytoplasmic domain sequence following it, will serve as a GPI-addition signal. The degeneracy in Cterminal GPI-addition signal peptides is similar to that found for N-terminal signal sequences.
Following the addition of GPI, the VSG is transported through the Golgi apparatus to the plasma membrane via the flagellar pocket [49] . The transport from endoplasmic reticulum to the plasma membrane is relatively rapid with a t,,z of 15 min [SO] . The addition of galactose to the GPI is believed to occur late in VSG processing in the Golgi stacks [Sl] .
The delineation of the assembly of the GPI precursor in T. brucei was a major breakthrough simultaneously in the fields of glycoconjugate research, cell biology and parasitology. The person who was responsible for the development of the cell-free system which brought about this seminal work was Wayne Masterson, who died of cancer at the age of 31 on 14 November 1991. His contribution to the GPI field cannot be overstated. It is with the greatest sadness and respect that I dedicate this lecture to his memory.
The GPI biosynthetic pathway (Fig. 56) in T brucei may be summarized as follows: a-GlcNAc is transfered from UDP-GlcNAc to PI to form GlcNAc-PI which is subsequently de-N-acetylated to GlcN-PI [52] . Subsequently three a-Man residues are transferred in single steps [53, 541, from dolichol-phosphate-mannose (Dol-P-Man) [ 5 51, to form Man,-GlcN-PI. Ethanolamine phosphate is then transfered, from phosphatidylethanolamine (A. Menon, unpublished work), to the terminal Man residue to form EtN-P-Man,-GlcN-PI (known as glycolipid A'). This species then undergoes a complex series of fatty acid remodelling reactions [56] . These involve the removal of the sn-2-fatty acid to form a lyso-species called glycolipid 8, its myristoylation to glycolipid A" (containing sn-lstearoyl-2-myristoylglycerol) and subsequent processing to the fully remodelled species glycolipid A (containing sn-l ,2-dimyristoylglycerol). The donor molecule for the two myristoyl-transfer steps is myristoyl-CoA. Concomitant with the formation of glycolipid A is the formation of glycolipid C (the inositol-palmitoylated version of glycolipid A). The structures of glycolipids A and C (also known as glycolipids P2 and P3) have been rigorously determined [48, 571 . Both of these species have been shown to be competent for transfer to VSC polypeptide in a cell-free system [SX], although there is no evidence of the transfer of glycolipid C (P3) in vim. Recently, the compound mannosaniine (2-deoxy-2-amino-mannose) has been shown to inhibit GPI biosynthesis in mammalian cells and trypanosomes [59] , and the active-site serinedirected inhibitors phenylmethylsulphonyl fluoride (PMSF) and diisopropylfluorophosphate have been shown to inhibit the addition of ethanolamine phosphate to the Man,-GlcN-PI intermediate [6O] .
Function of GPI anchors in higher eukaryotes (a) Early theories
Over the last five years there has been much speculation on the function of GPI anchors. Two of the most popular ideas are that GPI anchors impart a high degree of lateral mobility in the plane of the lipid bilayer and that they can be selectively cleaved by GPI-specific phospholipases to release membrane proteins from living cells. It is probably fair to say that neither of these attractive hypotheses have been substantiated by experimental data.
In the case of lateral mobility it is clear that while some GPI-anchored proteins display a high lateral mobility this is not a rule. For example, the GPI-anchored sperm glycoprotein PI 1-20 varies in its lateral mobility from extremely fast to average to immobile at different stages of sperm development [61] . In general the lateral mobility of a membrane protein (single-pass transmembrane or GPIanchored) probably depends on the nature of its ectodomain and its interactions with other membrane components rather than any intrinsic properties of the membrane-spanning or insertion domain (K. Jacobson, unpublished work; [62] ).
The GPI-specific phospholipase-mediated release hypothesis gained support from the observations that highly specific GPI-specific phospholipase C (GPI-PLC) and GPI-specific phospholipase D (GPI-PLD) enzymes do exist, and that some GPI-anchored proteins are sometimes found in an apparently soluble form in blood, tissue fluids or culture media. However, in most cases which were investigated further the proteins were Volume 20 often found to be proteolytically cleaved close to the C-terminus or were found to be still GPI-anchored and present in small membrane vesicles. The idea that GPI-PLC activities are found in plasma membranes was first suggested when the T. brucei enzyme was purified and found to be membrane associated. However, the enzyme has now been cloned and sequenced [63, 641 and localized by immuno-electron microscopy [65] . The results show that the enzyme has no identifiable signal sequence and that it localizes to the cytoplasmic face of intracellular vesicles. The role of this GPI-PIX therefore remains obscure since it is not on the same side of the membrane as its putative VSC, substrate. The more recently described serum GPI-PLD [66] is topologically in the correct place to act on GPI anchors but as yet no one has been able to demonstrate its activity except in detergent solutions of GPI-anchored proteins. In summary then, these GPI-specific phospholipases are intriguing enzymes with, at present, no known function.
(b) Transmembrane signalling
The lack of evidence for phospholipase-mediated release of GPI-anchored proteins also calls into question the likelihood of transmembrane signalling via the generation of diacylglycerols (from GPI-PIX action) or phosphatidic acid (from GPI-PI,D action) upon GPI cleavage. Nevertheless, transmembrane signalling via GPI-anchored proteins does occur and is well documented (for a recent review see [67] ). The best characterized transmembrane signalling involving GPI is the mitogenic response of T-cells to cross-linking of GPI-anchored proteins in the presence of phorbol esters. This effect has been studied by Robinson who made gene constructs based on the Qa-2 and H2-I) T-cells antigens. In normal cells crosslinking of GPI-anchored Qa-2, but not transmembrane H2-D, caused mitogenesis. However, constructs of Qa-2 bearing the H2-D transmembrane domain and H2-D bearing a GPI anchor produced the reverse effects. Thus it would appear that the cross-linking of any protein ectodomain will cause T-cell mitogenesis so long as it is anchored via a GPI moiety. The molecular mechanism and physiological significance of this type of transmembrane signalling remains to be investigated. In one possible model, the cross-linking of GPIanchored proteins by antibody is suggested to cause clustering of GPI anchors around a multivalent, low-affinity, receptor which recognizes some feature of the GPI anchor. This putative transmembrane receptor might then transmit a signal to the interior of the cell when all GPI-binding sites are occupied.
(c) Membrane targeting and turnover
The presence of a GPI anchor has been shown to result in the delivery of proteins to the apical membrane of polarized epithelial cells such as MDCK cells. Recently it has been shown that selective delivery also occurs in hippocampal neurons, where GPI-anchored Thy-1 is delivered exclusively to axonal membranes [6X], and that 5'-nucleotidase and alkaline phosphatase are delivered to the apical (bile canalicular) membrane of hepatocytes [69] . Thus GPI anchorage may be an important factor in maintaining cell polarity. The kinetics of apical and basolateral membrane delivery of a GPI-anchored version of a herpes simplex glycoprotein (gD-1) was examined [70] . The authors concluded that: (1) Delivery was vectorial to the apical membrane. (2) The rate of transcytosis from the basolatoral to the apical membrane was insignificant. ( 3) The rate of endocytosis of GPI-anchored proteins was very slow. (4) The presence of tight junctions was not necessary to maintain the apical distribution of GPIanchored proteins. In another study the distribution and turnover of Thy-1 in a lymphoma cell line was studied [71] . These authors concluded that a large fraction ( > 90%) of the cellular Thy-1 was at the cell surface and that it has an extremely low turnover rate as compared with transmembrane anchored proteins (H-2 antigens) in the same cells. Furthermore, they showed that Thy-1 underwent almost no endocytosis or diacytosis, consistent with their observation that Thy-1 was an order of magnitude less concentrated in coated pits than the transferrin receptor or H-2 antigen. Thus GPI anchorage may function to prolong the cell-surface half-life of proteins whose function does not require internalization.
(d) Folate uptake Most GPI-anchored proteins are evenly distributed on a given membrane (as judged by fluorescence microscopy). However, the folate receptor of monkey kidney cells is found in numerous small clusters on the cell surface in association with membrane invaginations or 'caveolae' [72] I his may constitute a mechanism for scavenging and concentrating small nutrient molecules since the folate receptor is only expressed at high levels in folate-deprived cells. Interestingly the unusual autoclustering of the folate receptor and the presence of caveolae can be abolished by depleting the membrane of cholesterol [73] . This suggests that the receptor clustering is not caused by protein-protein self-association but rather by the sequestration of the GI'I anchor into specialized membrane micro-domains. In this context it is interesting to note that the folate receptor may contain, in addition to an sn-1 -alkyl-2-acylglyceroI 1' 1 anchor, extra fatty acid attached directly to the protein and extra fatty acid attached to the inositol ring, which does not render the anchor resistant to PI-I'I,C 17-11. Thus the overall lipidic structure of the folate receptor may be quite unusual, perhaps correlating with the cholesterol-dependent clustering phenomenon. 
Function of GPI anchors and related molecules in the parasitic protozoa (a) Evolution of GPI metabolism in parasitic protozoa
All proteins which employ a (;PI anchor are externally disposed plasma membrane proteins or lumenally disposed secretory granule proteins. I Iowever. they are functionally extremely varied and include protozoal coat proteins. hydrolases, lymphoid antigens, cell adhesion molecules and receptors. There is no clear correlation between protein function and the use of (;PI anchors 1131.
One interesting correlation that does exist is the distribution of GPI usage at different stages of eukaryotic evolution. In mammals, for example, it seems that a significant minority of cell-surface proteins employ GPI. whereas in the protozoa GPI appears to be the predominant form of anchorage. Indeed for the protozoa, in all cases where the mode of membrane anchorage has been studied directly, (;PI anchors have been found instead of single-pass transmembrane polypeptide domains.
This high frequency of (;PI usage in the protozoa is also reflected in the expression of structurally related glycolipids which have no clearly defined analogues in higher eukaryotes. These novel glycolipid species include the lipophosphoglycans (LPC) 17.5-78 1 and glycoinositol phospholipids (GIP1,s) 179, XOJ of the I,elshmania and the lipopeptidophosphoglycaii (I .PPC) of Trypanosoma cruzi [Xl, 821. All of these molecules have the substructure Mana 1--1(;lcNI 1,a 1-hmyo-Inositol-1-1'0, in common and may therefore share some biosynthetic enzymes in their formation (Fig. 6) . Molecules such as the I,eivhmania IRh are important virulence factors for these parasites, both in the insect vector and the mammalian host, and these aspects have been reviewed recently 1x3. 841. One of our main research topics in I h n d e e is the study of the structure and biosynthesis of the 1,eishmaniu GIPI,s and 1,PGs. This work is directed by Malcolm McConville, who has played a key role in establishing the 1)undee laboratory. However, in the context of this lecture, I would simply like to point out that it is possible that IiP(;7 GIPL and I,PI'(; biosynthesis may be the result of these organisms evolving to occupy new ecological niches. In other words these organisms may have adapted and modified the ubiquitous (;PI-anchor biosynthetic pathway to generate molecules which first allowed them to infect insects, and subsequently to infect animals upon which those insects were feeding. Examples of novel GPI and GPI-related structures synthesized by kinetoplastid parasites Adapted from Ferguson et 01 [85] . Abbreviations used: M, mannose; G, galactopyranose, Gf, galactofuranose; GN, glucosamine; P, phosphate; A, arabinopyranose; AEP, 2-aminoethylphosphonate.
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All eukaryotes (ii) The a-Gal szde-chain. Thr a-Gal side-chain of the VSG GPI anchor is an unusual structure, containing glycosidic linkages which are either rare in nature (i.e. Galal-2Gal and Galal-6Gal) or unique (i.e. Galal-3Man). The a-Gal branch appears to be restricted to the African trypanosome; it is not even found in the GPI anchors of the related parasites L. major [29] and T crm' [30] . Why have the African (VSG-coated) trypanosomes unilaterally evolved the processing machinery (at least three distinct a-galactosyltransferases) to assemble this a-Gal side-chain? It is not clear from the primary structure what function this appendage might have. It cannot be involved in anchorage per se since the linkage of the VSG polypeptide to the lipid moiety is via the trimannosyl core. Three-dimensional modelling studies of the VSG variant MITat1.4 anchor [88] indicate that the GPI glycan may adopt a plate-like conformation, lying parallel to the plane of the membrane, and covering a significant area (6 nm2) [90] . This suggests that the extent of GPI galactosylation is dependent on the three-dimensional structure of the C-terminal polypeptide domain to which it is attached. (2) Kinetic studies show that GPI a-galactosylation occurs when the VSG is passing through the Golgi apparatus [Sl] . This may indicate that the a-Gal transferases add residues at the time that the VSG molecules are being packaged into coat arrays for transport to the cell surface (in the trans-Golgi network). Taken together, these findings could be consistent with the notion that the a-Gal transferases act as spatial probes, filling space close to the membrane according to the intra-and intermolecular steric constraints imposed by the threedimensional structure of the VSG C-terminal domains. Thus it is conceivable that the a-galactosylation machinery of African trypanosomes may have evolved specifically to optimize the packing of different VSG coats, and therefore increase viability in the presence of host serum complement.
Summary
Over the last few years we have learned of a new type of membrane anchorage for cell-surface proteins, the GPI anchors. W e now have a good idea of their structure and biosynthesis, and indications of their specific functions in protozoa and mammals. The widespread distribution of GPI membrane anchors throughout the eukaryotes has led many researchers to work on various aspects of GPI anchors. This has led to the widespread exchange of data, ideas and techniques which has made the field a pleasure to work in. 
